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Introduction
Thymidylate synthase (EC 2.1.1.45), TSase, catalyzes the reductive methylation of 2 0 -deoxyuridine 5 0 -monophosphate (dUMP) to 2 0 -deoxythymidine 5 0 -monophosphate (dTMP) using N 5 ,N 10 -methylene-5,6,7,8-tetrahydrofolate (CH 2 H 4 folate) both as a reducing agent and as a methylene donor, producing 7,8-dihydrofolate (H 2 folate). 1 The reaction mechanism involves a cascade of at least seven chemical reactions.
Potential energy surfaces (PESs) of every single step of the catalysed process were studied via Quantum Mechanics/Molecular Mechanics (QM/MM) calculations. 2 The findings were in good agreement with the relevant experimental data 1 suggesting that the rate limiting step of the whole reaction is the reduction of an exocyclic methylene intermediate (Schemes 1 and 2). This reaction involves hydride transfer from the C6 position of the intermediate 5,6,7,8-tetrahydrofolate (H 4 folate), marked as the Cd atom in Scheme 1, to the C7 atom of dUMP, marked as Ca in Scheme 1. The calculations suggested several critical differences between the probable mechanism and the one originally proposed by Carreras and Santi. 3 For instance, the thioether bond between the C6 of Scheme 1 Schematic representation of the active site of the E. coli TSase prior to the hydride transfer step. Atoms in the grey region are treated by QM methods and QM-MM frontiers are depicted as black thick bars. The transferred hydride is highlighted, and its donor and acceptor atoms marked as Cd and Ca, respectively.
dUMP and a conserved active site cysteine residue (Cys146 in E. coli) appeared to be much more labile than previously assumed. In fact, the results showed how the breaking of this bond takes place concertedly with the hydride transfer from C6 of H 4 folate to the exocyclic methylene intermediate (see Scheme 2) . There are experimental data suggesting that the hydride transfer is essentially irreversible 3 and rate-determining on both first-order (k cat ) and second-order rate constants (k cat /K m ) for the overall reaction. 1, 4 Nevertheless, supporting evidence for the stepwise mechanism was offered by Santi and co-workers 5, 6 based on the close similarities between the enzyme-bound enolate intermediate and many covalent binary complexes of TSase with dUMP analogues experimentally detected. 3 Free energy surfaces, computed in terms of two dimensional potential of mean force (PMF) at four different temperatures indicated first that the hydride transfer and the scission of Cys146 take place in a concerted but asynchronous fashion, and second, a temperature independent mechanism. 7 This result was in agreement with measured intrinsic Kinetic Isotope Effects (KIEs) on the same H-transfer step, 1 and was completed by further computational studies carried out by means of the ensemble-averaged variational transition-state theory with multidimensional tunneling (EA-VTST/MT) 8, 9 combined with Grote-Hynes theory. 10 KIEs, tunneling effects and quantum mechanical dynamical effects in the hydride transfer step were accomplished by computing mono-dimensional potentials of mean force (1D PMFs) along a distinguished reaction coordinate; the antisymmetric combination of distances defining the breaking and forming of bonds of the transferring hydride,
. Multidimensional semiclassical transmission coefficients that incorporate the effects of barrier recrossing, quantized molecular vibrations and quantum mechanical tunnelling were also computed to estimate the values of rate constants. The results, calculated across the same temperature range examined experimentally, confirmed a temperature independent behavior. 10 These previous computational studies showed how the 1,3-S N 2 substitution appears also to be assisted by arginine 166 and several other arginine residues in the active site that polarize the carbon-sulphur bond and stabilize the charge transferred from the cofactor to the substrate. Additionally, our study of a proton abstraction step that precedes the hydride transfer also indicated that the traditionally proposed covalent bond between the protein and substrate (the C6-S bond) is very labile. 11 Active site conformation not only assists cleavage of the C6-S bond to stabilize the transition state of the proton transfer step but also rearranges the H-bond network at the end of each step to prepare the active site for the subsequent chemical step.
The question of whether the rate-determining step (r.d.s) of TSase takes place by means of a concerted or a stepwise mechanism is, nevertheless, still a question of debate, with the possible implications in chemotherapeutic and antibiotic drug designs. Recently, the two proposed mechanisms for the r.d.s. were experimentally tested by H/T secondary (21) KIE measurements on C6 of dUMP and via primary (11) KIEs studies of the R166K mutant. 12 The two possible scenarios are the stepwise mechanism, in which the hydride transfer precedes the cleavage of the covalent bond between the enzymatic cysteine and the product, and the mechanism where both happen concertedly (see Scheme 2) . In the present study, we have performed an analysis of the hydride step of the TSase catalysed reaction by exploring the effects of using a limited number of distinguished reaction coordinates on the description of such a complex chemical step. Monodimensional and bidimensional PMFs (1D PMF and 2D PMF) have been generated at different levels of theory using two initial X-ray structures (PDB IDs 2TSC and 1TLS) as starting points of our simulations. The first structure (PDB ID 2TSC) was the Escherichia coli TSase complexed with the substrate dUMP and an analogue of CH 2 H 4 folate. [13] [14] [15] The second structure of the same enzyme employed in our simulations was PDB code 1TLS, 16 where the enzyme is covalently bound to 5-fluorodUMP (FdUMP) that is covalently bound to CH 2 H 4 folate. The use of two different X-ray structures as the starting point for the simulation allows for testing the relevance of different initial protein conformations in simulations of enzyme catalyzed reactions. The use of a limited number of coordinates to study multidimensional chemical steps was also examined in the current study. The combination of such studies together with 21 KIE calculations on key atoms of the system, which are in agreement with experimental data, permit proposing a realistic picture of the catalytic activity of this important anticancer and antibiotic drug-target.
Computing methods

The model
As mentioned in the introduction section, simulations were performed based on two different starting geometries from Escherichia coli TSase: PDB codes 2TSC [13] [14] [15] and 1TLS. 16 The former consists of two subunits of 264 amino acids each, and an anti-folate inhibitor and a substrate in each one of the active sites. The inhibitor (10-propargyl-5,8-dideazafolate) was replaced by the cofactor in one of the active sites and the dUMP was turned into the exo-cyclice methylene intermediate. In the other starting crystal structure, 1TLS, which had both 5F-dUMP and CH 2 H 4 folate bound at the active site of each monomer, fluorine was replaced with a hydrogen atom at C5 of dUMP, the C-N bond between the methylene and N5 of THF was broken, the proton from C5 of dUMP removed, and the exo-cyclic methylene established. The backbones of both structures closely overlap. The main difference is in slightly different conformations of some side chains, the location of water molecules, and of course the different bindings of the ligands in the active site. The coordinates of the hydrogen atoms were added to both structures using the fDYNAMO 17 library after computing the pK a values of ionisable amino acids with the empirical PROPKA3 18, 19 program in order to determine their proper protonation state in the protein environment. A total of 24 and 22 counterions (Na + ) (for 2TSC and 1TLS, respectively) were placed in optimal electrostatic positions around the enzyme (further than 10.5 Å from any atom of the system and 5 Å from any other counterion, using a regular grid of 0.5 Å) because the total charge of the system was not neutral. Finally, the systems were solvated using boxes of water molecules of 100 Â 80 Â 80 Å 3 dimensions, and the water molecules with an oxygen atom lying within 2.8 Å of any heavy atom were removed. In both cases, the whole system was divided into a QM part and a MM part to perform combined QM/MM calculations. The QM part considers 25 atoms of the folate, 21 atoms of the dUMP and the side chain of Cys146, which gives a total of 54 QM atoms, and three hydrogen link atoms that were added at the boundary between QM and MM regions to satisfy the valence of the QM/MM frontier atoms (see Scheme 1) . 20 The calculations only modeled one active site in the QM region, leaving the second active site (ligands removed) in the MM region. The MM part comprises the rest of the folate and dUMP, the enzyme, the crystallization and solvation water molecules and the sodium counterions, which makes a total of 68 181 and 60 826 atoms for 2TSC and 1TLS, respectively. During the QM/MM energy optimizations, the atoms of the QM region were treated by the semiempirical Hamiltonians AM1, 21 and by the M06-2X 22 hybrid density functional theory (DFT) methods. The standard 6-31G+(d,p) basis set was used in the DFT calculations. The rest of the system, protein and water molecules, are described using the OPLS-AA 23 and TIP3P 24 force fields, respectively, as implemented in the fDYNAMO library. 17 Cut-offs for the non-bonding interactions are applied using a force switching scheme within a range radius from 14.5 to 16 Å. After thermalization, QM/MM MD simulations of the system in the NVT ensemble (with the QM region treated at the AM1 level) were ran during 500 ps at a temperature of 300 K using the Langevin-Verlet algorithm using a time step of 1 fs. The molecular dynamics (MD) simulations were performed using an integration step size of 1 fs and the velocity Verlet algorithm. 33 In both cases, the resulting structures had an energy fluctuation lower than 0.1%, a kinetic energy fluctuation lower than 1% and a change in temperature lower than 2.5 K over the last 2 ps of the MD. Moreover, according to the time-dependent evolution of the RMSD of those atoms belonging to the protein backbone, the systems can be considered equilibrated.
Potential energy surface, PES
After setting up the model, the full system was minimized using the Adopted Basis Newton Raphson (ABNR) 23 of the system, all the residues further than 20 Å from the QM part were kept frozen. The main interactions of the active site of these structures with the amino acids and crystallization water molecules were representative of the one proposed by Stroud and Finer-Moore, 25 which can be considered as additional proof of the proper setting up of the molecular models. The structures were then used to generate a mono-dimensional (1D) and bi-dimensional (2D) QM/MM PESs for the r.d.s. of the TSase catalyzed reaction (Scheme 2). The refined TSs were used as the starting point to generate the 1D PMFs, while the geometries from the 2D PESs were used to generate the 2D PMFs.
Potential of mean force, PMF
Mono-dimensional PMFs, 1D PMF, were computed using the antisymmetric combination of distances describing the hydride The values of the variables sampled during the simulations were then pieced together to construct a full distribution function from which the 1D-PMF and 2D-PMF were obtained. On each window, 5 ps of relaxation was followed by 10 ps of production with a time step of 0.5 ps due to the nature of the chemical step involving a hydrogen transfer. The velocity Verlet algorithm 33 was used to update the velocities in each window. All the PMFs were performed at 303 K, using as starting points of each window structures from the previously obtained 1D and 2D PESs.
Because of the large number of structures that must be evaluated during free energy calculations, QM/MM MD calculations were done with the AM1 semiempirical Hamiltonian. In order to improve the quality of our MD simulations, following the work of Truhlar et al., [26] [27] [28] a spline under tension 29 has been used to interpolate this correction term at any value of the reaction coordinates x 1 and x 2 selected to generate the 2D PMFs.
In this way we obtain a continuous function to obtain corrected PMFs:
where S denotes a two-dimensional cubic spline function, and its argument is a correction term evaluated from the singlepoint energy difference between the high-level (HL) and the low-level (LL) calculation of the QM subsystem. In particular, S is adjusted to a grid of 23 Â 61 points obtained as HL single energy calculation corrections. The semiempirical AM1 Hamiltonian was used as the LL method, while the M06-2X 33 hybrid functional, with the standard 6-31G+(d,p) basis set, was selected for the HL energy calculations. The functional and basis set were selected following the suggestions of Truhlar and co-workers, 33, 34 while the use of a semiempirical method such as AM1 (which gives reasonable results according to our own experience) is dictated due to the cost of the hybrid QM/MM MD simulations required to obtain PMFs. These calculations were carried out using the Gaussian09 program. 35 
Kinetic isotope effects
KIEs have been computed for isotopic substitutions of key atoms from the transition states and the reactant complex localized at the two levels of theory described above. The free energy of a state, G i , can be expressed as a function of the molecular potential energy E i , the total partition function Q i , and the zero point vibrational energy, ZPE i ,
Then, from eqn (2) and using TST, the ratio between the rate constants corresponding to the light atom ''L'' and the heavier isotope ''H'' can be computed as:
In eqn (3), the total partition function, Q, was computed as the product of translational, rotational and vibrational partition functions for the isotopologs in reactants and TS. The BornOppenheimer, rigid-rotor and harmonic oscillator approximations were considered to independently compute the different contributions. Keeping in mind that both involved states, reactants and TS, are in a condensed media (the active site of a protein), the contribution of translation and rotation to KIEs is negligible. Nevertheless, the full 3N Â 3N Hessians have been subjected to a projection procedure to eliminate translational and rotational components, which give rise to small non-zero frequencies, as previously described. 36 Thus, it has been assumed that the 3N À 6 vibrational degrees of freedom are separable from the 6 translational and rotational degrees of freedom of the substrate. KIEs at the AM1/MM level have been computed as an average of all possible combinations from 10 optimized structures of TS and 10 optimized structures of the reactant state, while M06-2X/MM values are computed from just a single optimized structure of TS and reactants.
Results and discussion
As explained in the Computing Methods section, the free energy profile for the r.d.s. of the TSase catalyzed reaction (Scheme 2) has been first computed in terms of 1D-PMFs using as the distinguished reaction coordinate the anti-symmetric combination of distances defining the hydride transfer from the donor atom C6 of H 4 folate, Cd, to the acceptor atom C7 of dUMP (Ca).
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The resulting free energy profiles, obtained from the two different initial X-ray structures (with 2TSC and 1TLS PDB codes) are shown in Fig. 1 . As observed, both profiles describe an exothermic reaction but with different reaction energy and free energy barriers. The 1D-PMF obtained from 1TLS structure presents lower barrier and appears as a more exothermic reaction than the one obtained from 2TSC. This, together with the fact that the position of maximum on the PMF for the 1TLS appears to be slightly less advanced than in the case of the 2TSC (r.c. = 0.04 Å and 0.11 Å, respectively), is in agreement with the Hammond postulate. At this point, we could already confirm the dependence of the computed PMFs on the initial conformational configuration, as previously demonstrated in other studies. 37 The fact that significant energetics are obtained, even when derived from calculations based on statistical simulations such as the present PMFs, can be due to the presence of different conformations in any of the states along the full catalytic process that can not be completely overlapped during the QM/MM MD simulations carried out in every window of the full profile. Nevertheless, the fact that different conformations can render different energy barriers would explain experimental results such as the temperature dependence of KIEs 38, 39 or the significant different rate constants observed in single-molecule spectroscopy. [40] [41] [42] The flexibility of the enzymes would be responsible for the presence of multiple reactive conformations of substrates bounded to the enzyme, each of them forming a heterogeneous branched reaction pathway with a different rate of conversion from reactants to products. The presence of a wide distribution of rates in individual enzyme molecules have also been predicted by computer simulations on different enzymatic systems. 10, [43] [44] [45] [46] [47] In order to perform a deeper analysis on the results, the evolution of key distances along the distinguished reaction coordinate, computed as averaged values over each window of the PMF, are presented in Fig. 2 . A comparison of plots obtained from 2TSC and 1TLS structures, together with average distances of the reactants, TS and products listed in Table 1 , allows obtaining interesting conclusions. First of all, the distance between the hydride donor and acceptor atoms is changing from reactants to products, reaching the minimum value at the TS in both cases (2.716 AE 0.005 and 2.756 AE 0.008 Å in 2TSC and 1TLS structures, respectively); a state where the hydride is almost in between these two carbon atoms. Nevertheless, an important difference is observed in the behaviour of the C-S bond. Thus, while in the profile of 2TSC this bond is not broken during the hydride transfer, despite small oscillations of the distance, once the TS is crossed the bond is clearly broken after reaching the TS on the PMF obtained from the 1TLS structure. In fact, the C-S distance in the TS of the former (1.953 AE 0.005 Å) presents a value that is very close to the one obtained in reactants (1.919 AE 0.002 Å), while in the case of the PMF generated from 1TLS structure, the C-S bond is clearly elongated in the TS (1.958 AE 0.005 Å and 2.063 AE 0.020 Å in reactants and TS, respectively). Then, the 1D-PMF obtained from 2TSC structure would be describing the r.d.s. of the TSase as a step-wise mechanism through an intermediate where the bond between C5 and the sulphur atom of Cys146 is not broken, while the results obtained from the 1D-PMF of the 1TLS structure would describe a concerted hydride transfer and a C-S breaking bond. According to the plots presented in the right side of Fig. 2 and data reported in Table 1 , the conformation of the active site obtained in the TS of the 2TSC 1D-PMF, named the step-wise mechanism from now on, would stabilize a structure of the nucleotide (dTMP) where C5-Ca double bonds are transformed into a single bond, and at the same time the double bond character will be delocalized between O4-C4, C4-C5 and C5-C6. As observed in evolution of these distances from reactants to products, while the former is slightly elongated, the other two values are shortened in this step-wise mechanism (see Fig. 2 and Table 1 ). This process is associated with the development of a negative charge localized in O4 that appears to be stabilized by hydrogen bond interactions with three water molecules and Asn177 (see Table 1 and Fig. 3) . On the contrary, with the 1D-PMF from 1TLS, named the concerted mechanism from now on, we arrive to a structure where the O4-C4 carbonyl bond and the C4-C5 bonds are unaltered but a double bond is clearly formed between C5 and C6 atoms. The formation of a C5-C6 double bond is associated with the C6-S breaking bond. In this case, O4 is interacting with Asn177 and only with one water molecule (see Table 1 and Fig. 3) . Moreover, as observed in Table 1 and Fig. 3 , the different behaviour of the S-C bond along the two PMFs can be also explained based on interatomic distances established around this sulphur center. In fact, the reaction profile in which the process of hydride transfer and C6-S bond breaking take place in a concerted manner is characterized by a local environment that favours polarization of this bond. In particular, it can be observed how Tyr94, and specially Arg166, interact with the sulphur atom through water molecules in both cases. In the case of the step-wise mechanisms, only one water molecule appears at the hydrogen bond distance from the C6-S bond, and neither Arg166 nor Tyr94 directly activate it. At this point, we could indicate that the different conformations that can be present in large systems such as the enzymes not only can render significant different kinetics, but even different mechanisms. Fig. 2 Evolution of key distances along the distinguished reaction coordinate (in Å) computed as averages over the different windows generated along the (A) step-wise mechanisms (1D PMFs generated from 2TSC) and (B) concerted mechanisms (1D PMFs generated from 1TLS). Table 1 AM1/MM average values of key interatomic distances obtained from the reactants, TS and products localized in the PMFs depicted in Fig. 1 . All values are in Å
Concerted mechanism (from 1TLS)
Step-wise mechanism (from 2TSC) 
Two-dimensional potential of mean force (2D-PMF)
In order to check the robustness of our results and in an attempt to elucidate whether both mechanisms can be kinetically relevant, free energy surfaces were computed starting from the two X-ray structures, as explained in the Computational Methods section. The 2D-PMFs, obtained with the antisymmetric combination of distances describing the transfer of the hydride d(Cd-H) À d(Ca-H), and the C6-S distance as the two distinguished reaction coordinates, are shown in Fig. 4 . According to the 2D PMFs on Fig. 4 , when the C6-S bond is explicitly controlled during the generation of the free energy surface of the reaction, the hydride transfer and the C6-S breaking bond take place in a concerted way, not depending on the initial X-ray structure selected to perform the calculations. In any of the two surfaces shown in Fig. 4 , no single minimum can be located corresponding to an intermediate where the hydride was transferred and the C-S bond was still bounded. Nevertheless, a shoulder can be identified in the lower-right corner of the surface generated from the 2TSC, which would be in agreement with the results obtained in the 1D PMF, when controlling only the coordinates associated to the hydride transfer. The average values of both coordinates obtained along the 1D PMFs shown in Fig. 2 are indicated to compare the behaviour observed when just the coordinates associated to the hydride transfer are explicitly controlled. As observed, the 1D PMF generated from the 2TSC X-ray structure did not arrive to the minimum obtained in the 2D PMF. On the contrary, in the case of the 1D PMF from 1TLS, once the TS was crossed, structures representing the products valley of the 2D PMF are also explored with the 1D PMF. Interestingly, the TS structures obtained from all methods are almost coincident regarding the advancement of the hydride transfer, and very close with respect to the C6-S interatomic distance. These geometrical coincidences are in agreement with similar free energy barriers (the two 2D PMF render almost the same value of ca. 26 kcal mol According to the free energy surfaces displayed in Fig. 5 , and despite the topology of the surfaces having not changed at the qualitative level with respect to the AM1/MM ones shown on Fig. 4 , the concerted mechanism obtained when using the 1TLS X-ray structure as the starting point structure for the calculations appears to be clearly more favourable than the one generated from 2TSC structure. The free energy barriers that can be deduced from Fig. 3 Representative snapshots of the averaged structures of reactants state obtained from the 1D PMFs generated from the (A) step-wise mechanisms (1D PMFs generated from 2TSC) and (B) concerted mechanisms (1D PMFs generated from 1TLS). tively. Thus, the results suggest that the initial protein conformation that appeared to be better organized for the hydride transfer step describes the r.d.s. of the TSase catalysed reaction as a concerted process; a result that had been obtained even when a reduced number of coordinates are used as distinguished reaction coordinates.
Secondary kinetic isotope effects (28 KIEs)
In order to check whether our predictions derived from the exploration of free energy surfaces can be considered realistic, H/T 21 KIEs have been computed by substituting the protium atoms of C7 and C6 of dUMP by tritium. Calculations have been performed at the AM1/MM and M06-2X/MM level from the geometries of reactants and TSs generated on the exploration of the 1D PMFs in an attempt to explore differences that can be expected if two different mechanisms were possible. It must be kept in mind that when exploring the reaction in terms of 2D PMFs, essentially the same mechanism is obtaining whatever structure is employed as the starting point. The results, shown in Table 2 , allow obtaining interesting conclusions that are in agreement with the evaluation of average geometries performed above. The change of the hybridization state of the hydride donor and acceptor carbon atoms (Cd and Ca) and the carbon atom involved in the C6(dUMP)-S(Cys146) breaking bond (C6) along the reaction coordinate, computed as previously proposed by Pu et al., 48 are plotted in Fig. 6 to better understand this analysis. Keeping in mind that hybridization of C6 from reactants to products goes from sp 3 to sp 2 , a normal 21 H/T KIE should be expected for substitution of protium by tritium on the H atom of C6, if the C6-S bond was indeed broken during the chemical step. The 21 H/T KIE results on C6, calculated from the structures of the concerted mechanism (1D PMF from 1TLS structure), render no effects at the AM1/MM level, within the standard deviations uncertainty (1.011 AE 0.011). When computed at M06-2X/MM, a higher effect is obtained (1.029). The limit that we could obtain if the C-S bond was completely broken, computed as equilibrium isotope effects (EIE) at the AM1/MM level, is a small normal effect (1.095 AE 0.011). As shown in Fig. 6B , the change in the hybridization state of C6 between reactants and TS is very small (from 3.0 to 2.7). Thus, the computed KIE is in agreement with the other results indicating an early TS on the C-S cleavage coordinate. When the calculations are done with the structures derived from the step-wise mechanism (from 2TSC structure), the result is a small inverse effect (0.930 AE 0.008 and 0.986 at AM1/MM and M06-2X levels, respectively). In this case, the change in the hybridization state of C6 from reactants to TS is even smaller than in a previous case (from 3.0 to 2.8), as shown in Fig. 6A . Then, arguments based on evolution of the hybridization of the C6 atom in the step-wise mechanism, which would contribute to obtaining a value larger than unity, are not enough to rationalize the observed 21 H/T KIEs. The inverse effect could be explained keeping in mind the character of the C5-C6 bond between double and single, as indicated above, and confirmed when computing the EIE (0.951 AE 0.010 and 0.963 at AM1/MM and M06-2X levels, respectively) taking the structures of reactants and the intermediate (the product of the 1D PMF generated from the 2TSC structure). The H atom on C6 would be tighter in the TS than in the reactant state. Comparison of the 21 H/T KIE values with the experimentally measured normal 21 KIE (1.104 AE 0.004) on k cat /K M suggest that the concerted mechanism would be likely the one preferentially taking place in the active site of TSases, as also suggested from the lower barrier calculated for the concerted mechanism (Fig. 5) . Any contribution of a stepwise mechanism would render inverse effects. The a priori expected values of H/T 21 KIEs on the C7 position, whatever mechanism was considered, should be inverse, i.e., lower than unity, keeping in mind that now hybridization on C7 is changing from sp 2 to sp 3 as the hydride is transferred from Cd of folate to Ca of dUMP. Interestingly, the results reported in Table 2 suggest that, in the case of the concerted mechanism, this is only true for one of the hydrogens at C7 (H 00 ), but not the other one (H 0 ) for which a small but normal effect is obtained (1.038 AE 0.014 and 1.044 from AM1/MM and M06-2X/MM calculations, respectively). Consequently, rationalization of the H/T 21 KIE values based just on the reaction center rehybridization is, again, not sufficient to explain the different behavior of the two H atoms of the C7. Analysis of the average structures (see Fig. 3 and Table 1 ) suggests a possible interaction between the H 0 atom of C7 and O4 in reactant states that would be slightly weaker in the TS, then justifying a normal KIE. A similar behaviour is observed in both mechanisms. On the contrary, the distance between the H 0 atom and the oxygen atom of a water molecule (WAT1 in Fig. 3 ) increases from the reactant state to TS in the concerted mechanism, a behaviour that is not detected in the step-wise mechanism. Moreover, WAT1 appears to be more activated in the concerted mechanism than in the stepwise mechanisms, due to the direct interaction with Glu58 in the former (see Fig. 3 C6 substitution when computed between reactants and TS in a concerted and step-wise mechanism: a normal effect in the concerted mechanism and no effect in the step-wise one. As observed in Fig. 6 , a larger change in hybridization on C6 from reactants to TS is observed for the concerted mechanism (Fig. 6B ) than in the step-wise mechanism (Fig. 6A) since the C6-S bond is elongated in the former and no change is detected in the step-wise TS.
Finally, the analysis of the hybridization states of the hydride donor and acceptor (see Fig. 6 ) shows how the donor carbon atom presents a smaller change from reactants to TS than the acceptor carbon atom in both of the explored mechanisms. Then, as previously computed by Pu et al. in the EcDHFR hydride transfer catalysed reaction, the donor carbon at TS resembles the reactant state more than the product state. 48 In the current study the hybridization states of the acceptor carbon would be in between the reactant and product values, especially when analysing the concerted mechanism. Anyhow, a non-perfect synchronization of the two reaction centers of the hydride transfer has been obtained in TSase, as in the EcDHFR. showed that different scenarios, not only with different reactivity but also with different timing of the C-S breaking bond and the hydride transfer, can be obtained. Thus, while the TSs on both 1D PMFs described the advanced hydride transfer in an almost equivalent stage, the behaviour of the C-S bond along the profile is significantly different. The C-S bond is slightly elongated in the TS of the 1D PMF obtained from 1TLS structure, and completely broken in products. This is a concerted and asynchronous mechanism. On the contrary, the 1D PMF obtained from 2TSC structure arrived to product structures where the hydride transfer leads to an enolate without cleavage of the C-S bond, i.e., a step-wise mechanism. Further analysis of the results suggests that this intermediate is stabilized by hydrogen bond interactions of the carbonyl O4 atom of dUMP with three water molecules and Asn177. Then, this bond is polarized and the transfer of the hydride to the methylene group does not significantly alter the C5-C6 bond and the C6-S bond is not broken. In the case of the concerted mechanism, the carbonyl bond on C4 and the C4-C5 bonds are unaltered but a double bond is clearly formed between C5 and C6 atoms. Moreover, the different behaviour of the S-C bond along the two PMFs is also explained based on interatomic distances established around this sulphur center: the reaction profile in which the hydride transfer and the C6-S breaking bond take place in a concerted manner presents an environment that favours polarization of this bond. In particular, the sulphur atom of the cysteine interacts with Arg166 and Tyr94 through two water molecules. In the case of the step-wise mechanisms, both Arg166 and Tyr94 are moved away and only one water molecule appears at the hydrogen bond distance from the C6-S bond. A better polarization of the C6-S bond appears to contribute to the breaking of the bond between the substrate and enzyme. To test whether the outcome of the 1D PMF is meaningful we generated 2D PMFs, using not only the antisymmetric combination of distances describing the advancement of the hydride but the C-S distance. The intermediate located in one of the 1D PMFs is just a shoulder in its corresponding 2D PMFs with a low statistical relevance in the kinetics of this enzymatic step. The two free energy surfaces (generated from the two mentioned initial X-ray structures) describe an asynchronous but a concerted process and the fact that a step-wise mechanism was obtained in one of the 1D PMF was due to the use of an incomplete number of coordinates required to reproduce the process. Nevertheless, we must keep in mind that certain conformations of the active site could provoke different behaviours in the C-S labile bond. Corrections of the 2D PMF at M06-2X/MM show that the protein conformations that favour the concerted mechanism presented a significantly lower free energy barrier. H/T 21 KIEs were computed by substituting the hydrogen atom of C6 by tritium from the geometries of reactants and TSs generated on the exploration of the 1D PMFs. The results derived from the structures of the concerted mechanism render a small normal effect on the 21 KIE at the C6 position (1.011 AE 0.011 at AM1/MM and 1.029 at M06-2X/MM). It is critical to note that an inverse effect (0.930 AE 0.008) is computed from structures of the step-wise mechanism. Keeping in mind that the limit that we could obtain if the C-S bond was completely broken, computed as equilibrium isotope effects (EIE), is a small normal effect (1.095 AE 0.011 at AM1/MM level), our results would be in agreement with a very asynchronous but concerted mechanism. Our results appear to be slightly underestimated by comparison with the published experimental measurements (Exp 21 KIE = 1.104 AE 0.004), 12 although showing the same trend. The inverse effect obtained from structures of the step-wise mechanism can be explained keeping in mind the character of the C5-C6 bond, between double and single that is developed in the TS. The computed values of H/T 21 KIEs on the C7 position for both mechanisms were, a priori, unexpected. The effect is inverse for both hydrogen atoms in the stepwise mechanisms but substitution on one of the C7 hydrogen atoms renders normal 21 KIEs in the concerted mechanism. This result can be explained using not only arguments based on hybridization of the carbon atom but also on the interactions that are established between this H atom of C7 and a conserved water molecule of the active site in reactants and TS. Glu58 appears to be responsible for keeping the orientation of the water molecule in the reactant state that would be the origin of a tighter vibrational mode associated to this H atom in reactants and, consequently, rendering a normal 21 KIE. Nevertheless, the other hydrogen at C7 presented inverse 21 KIEs and, when calculating the average of the 21 KIE on the two H atoms, the result is an inverse 21 KIE. It is important to mention that without tunneling correction the predicted KIEs are probably deflated (as in ref. 48 ), but their trend is likely to be correct. Finally, heavy atom KIEs, computed for 12 C to 13 C substitution at the C6 position predict a normal effect (KIE = 1.011 at AM1/MM and 1.0108 at M06-2X/MM) in the concerted mechanism and no effect (KIE = 1) in the step-wise one. This result is not surprising as a change in hybridization has been observed from reactants to the concerted TS (the C6-S is slightly elongated in the TS), while no change has affected the C6 atom in the step-wise TS. The above findings confirm that the r.d.s. hydride transfer in the TSase catalysed reaction takes place mainly by means of a concerted mechanism, and further demonstrate the labile character of the substrate-enzyme covalent bond between the
